Abstract-The Airborne Radiological Enhanced-sensor System (ARES) includes a prototype helicopter-borne CsI(Na) detector array that has been developed as part of the DHS Domestic Nuclear Detection Office Advanced Technology Demonstration. The detector system geometry comprises two pairs of 23-detector arrays designed to function as active masks, providing additional angular resolution of measured gamma rays in the roll dimension. Experimental measurements, using five radioisotopes ( 137 Cs, 60 Co, 241 Am, 131 I, and 99m Tc), were performed to map the detector response in both roll and pitch dimensions. This paper describes the acquisition and analysis of these characterization measurements, calculation of the angular response of the ARES system, and how this response function is used to improve aerial detection and localization of radiological and nuclear threat sources.
I. INTRODUCTION
T HE Airborne Radiological Enhanced-sensor System (ARES) project was initiated by the Domestic Nuclear Detection Office (DNDO) of the Department of Homeland Security as the Advanced Technology Demonstration (ATD) with the goal of improving capabilities to detect, localize, track, and identify illicit radiological and/or nuclear material in airborne search missions. The ARES γ -ray detector system is composed of 92 time-synchronized CsI(Na) detectors with dual photomultiplier readouts arranged in an active mask configuration to improve angular resolution in the roll dimension of the helicopter [1] . The arrangement of detectors illustrated in Fig. 1 is referred to as a "double smile," with the inner smile being comprised of 11 detectors whose centers are along an inner arc of radius of 15.8 cm. These inner smile detectors are masked by the outer smile of 12 detectors positioned along an arc of radius of 20.6 cm. Each detector is 2.54 × 2.54 × 40.64 cm 3 (1 ×1 ×16 ) and has approximately 2.5-cm longitudinal position resolution and 6%-7% full width half maximum energy resolution at 662 keV. The 92 detectors are arranged in four 23 detector arrays, two arrays per pod (fore and aft), and one pod mounted on each side of the helicopter (port and starboard). An end-on schematic of the starboard detector pod, as viewed from the rear, is shown in Fig. 1 .
The ARES detector arrangement was intended to improve the capability of the system to localize point-like sources in the dimension perpendicular to a helicopter's flight path, i.e., the roll dimension. This is in contrast to planar detector layouts that have been fielded historically [2] . These types of detector systems were not designed for point-like source localization, but were instead intended for geological survey and/or contamination mapping. However, the systems are capable of providing some localization information, primarily based on the helicopter location at the time of maximal signal 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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observation. Qualitative examples of this type of localization are provided in [3] . A few meter precision along the flight path is often achieved. Conversely, a source position in the dimension perpendicular to the flight path is most often determined by combining information from multiple measurement passes, either by interpolating between adjacent parallel (or antiparallel) measurement lines or by flying a perpendicular measurement line that intercepts the first line at the position of maximal observed signal. The latter method is considered the state of the art for localizing a point-like radiological source and can achieve precision and accuracy values that are operationally acceptable. However, these methods fail when a source is moving. An alternative single-pass method is to use the evolution of an observed signal to infer the offset of a source. This method is very sensitive to statistical fluctuations and more typically results in a 100-m precision. Meanwhile, the design [4] , [5] , deployment [6] , [7] , and evaluation [8] of directionally encoded photon imaging systems is a somewhat mature field of research. However, doing so for a helicopter-borne system imposes weight constraints that motivate active rather than passive masking methods. Such systems have also been studied for ground-based measurements [4] , [9] . The novelty in this paper is that it is a first demonstration of how such an imaging system could be used to improve aerial detection and localization of radiological and nuclear threat sources.
II. CHARACTERIZATION MEASUREMENTS
Determination of the energy-dependent angular response of the ARES detector system is required to characterize the ability of the ARES system to localize point and map distributed γ -ray sources. To this end, controlled measurements were made to characterize the angular response of the system to different γ -ray sources. Source data were acquired by suspending the starboard ARES pod at a height of 7.5 m above a level floor along with an appropriately oriented aluminum pipe with 1/32 -thick steel sheet attached to the bottom, which served as a surrogate for the helicopter skid, which is the only structural component of the helicopter expected to occlude the detector array during normal flight conditions (Fig. 2) . Sources were continuously moved along lanes perpendicular to the long axis of the detector pod, i.e., varying the roll angle (θ ) at fixed pitch angle (φ) approximately covering the range of −60°to 60°in θ . Measurements were made along six lanes covering the φ values of −60°to 0°. Lateral symmetry between the two pods and longitudinal symmetry between fore and aft detector arrays in each pod allow these data to cover the phase space of −60°to 60°in both θ and φ dimensions for all 92 detectors.
Measurements along the six lanes were made with five radioisotope sources: 137 Cs, 60 Co, 241 Am, 131 I, and 99m Tc. The 131 I and 99m Tc sources were delivered from a medical isotope vendor with the activities of 7.96 and 20.12 mCi at the start of the measurement campaign. The effective activities of the 137 Cs, 60 Co, and 241 Am sources were measured relative to NIST calibrated sources using a coaxial HPGe detector and were found to be 2.4, 1.7, and 5.4 mCi, respectively. Anisotropy, resultant from the geometry (cylinder of length 4.8 cm and a 1 cm diameter) of the 60 Co source, was observed, quantified, and included in calculations, and the quoted effective activity of the 60 Co source corresponds to that measured along the longitudinal axis of the source. All other sources were found to be isotropic in the relevant angular domain. Lane alignment, continuous source position measurement, and pod height measurements resulted in an absolute source-position resolution of < 3 cm in all three dimensions. The measurement campaign spanned five days with the background measurements of > 30 min performed at least twice a day. Detector energy and position calibrations were performed during analysis for each lane/isotope combination using background and source gamma lines.
III. CHARACTERIZATION ANALYSIS
For each detector (d) in the starboard pod, data were analyzed by segmentation of the continuous measurements along each lane into bins of half-degree roll (θ ) width. An energy-dependent ratio with background measurements, taking into account detector dead time, was then calculated to probabilistically remove background contribution from the listmode source data [10] . Photopeaks of background-removed spectra were fit to the form shown by the following using least squares, with C 0 and C 1 as free parameters:
Integration of the first term of (1) was then taken as the photopeak event rate R(E γ , d, θ, φ), for the source energy E γ and detector d. This term was then used to calculate the detector response, in units of effective area
The γ -ray flux from the source was calculated as
where r ds is the distance from the detector center to the source, A(t 0 ) is the source activity at t 0 , BR(E γ ) is the γ -ray branching ratio for the energy of interest, t − t 0 is the elapsed time since source activity was measured, τ is the mean lifetime of the source, and l is the mean free path in air of photons of energy E γ . The calculated detector response η takes into account each individual detector position, γ -ray branching ratios, and source decay activity corrections (particularly important for short-lived isotopes). For each γ -ray energy, detector response values were then aggregated in θ and φ for each detector in the starboard pod, and the fore-aft symmetry was used to populate the phase space where φ > 0. These values were then used to compute detector response on a regular mesh, in θ and φ, via linear interpolation within the sampled phase space and constantvalue extrapolation outside of the sampled phase space. An example of this unfiltered detector response is shown in Fig. 3 , in which the detector illustrated is in the inner smile and the masking in the roll dimension is evident. A subset of measurement locations is indicated by black points. The unfiltered detector response was then smoothed via convolution with a 2-D normal distribution with σ θ = 2.5°, which is narrow enough to maintain the expected angular resolution in that dimension, and σ φ = 7°approxi-mately corresponding to the separation between adjacent lanes where experimental data were acquired, which is smaller than the expected change in sensitivity with varying pitch. The data were then transformed into projections along the lateral and longitudinal detector axes, c u = r ds · u/r ds and c v = r ds · v/r ds . Examples of filtered detector response functions are shown in Figs. 4 and 5 for the inner and outer detectors at 662 and 59 keV, respectively. Finally, the filtered detector response for detectors in the port pod were determined by assuming lateral symmetry (c u → −c u ) of their mirror detector in the starboard pod, and no detector-specific corrections were made during this process. The primary difference between mirror detectors was energy resolution, which differed by less than 10% for all but two pairs of detectors, and the maximum differences were 25%. This effect changes only the fraction of full-energy events that are accepted within a photopeak energy range, which was selected to be ±2σ ; this changes the accepted event rate for 10% and 25% resolution differences by 2% and 7%, respectively.
The result of this analysis is the energy-dependent angular response of all 92 detectors in the ARES detector system. In the following, the efficiency at 1460 keV was determined by linear extrapolation using the efficiencies observed at 1173 and 1332 keV.
IV. AERIAL GAMMA-RAY IMAGING
The energy-dependent angular response of the ARES detector system was used with data collected from ARES helicopter flights over Pacifica, CA, and Berkeley, CA, as an initial demonstration of the imaging capability of ARES for distributed ( 40 K) and point ( 137 Cs) sources, respectively. Image reconstruction was performed using list-mode γ -ray data, a 3-D map of the topography over which data were collected, and the location and pose/orientation of the helicopter with respect to that 3-D map. In the case of the Pacifica data, the topographic map consisted of a database of 10-m 2 triangles spanning the flight area and the detector location and pose were measured at 10 Hz by the ARES Inertial Navigation System [1] . In the case of the Berkeley data, the topographic map and detector pose were calculated using camera data, similar to the work presented in [11] . Images collected at 15 Hz from the downward facing camera were processed with the Agisoft Photoscan Professional software package [12] resulting in system pose at 15 Hz and a dense point cloud describing the topography of a portion of the flight comprising a single pass over the 137 Cs source positioned atop a building. This point cloud was filtered to remove outlier points and then used to produce a 3-D map comprised of cubic voxels of length 2 m.
The goal of the imaging process is to reconstruct the rate per unit area a i , at which γ rays of a particular energy E γ are emitted within each pixel.
List-mode data were segmented into temporal bins, centered around times where detector pose was measured, e.g., 0.1 s binning for the Pacifica reconstruction. Within each temporal bin, the number of photopeak events from each detector is estimated using a region-of-interest approach. At each temporal bin, 92 independent measurements are made, corresponding to the 92 detectors within the ARES detector array. Each measurement may be described as
where the measured rate c within detector d is composed of a sum of Poisson samples across all relevant pixels i with area α i . The term cos(ω i ), where ω i is the angle between the detector array and the pixel normal, is included for sources such as 40 K that are uniformly distributed within the soil to account for anisotropic emission. In such cases, the areal emission rate a i is equal to the volumetric emission rate scaled by the attenuation coefficient of the soil. Relevant pixels are defined to be those within a ±60°field of view of the detector system for the Pacifica analysis, and pixels to be those within 300 m of the detector system for the Berkeley analysis. The measurement is then equal to a Poisson sample of the true mean emission rate from each pixel, a(E γ , i ), scaled by standoff, air attenuation, and the probability of detection taken from the experimentally characterized energy-dependent angular response function described in Section III.
This may be simplified as
Considering all M measurements, where M = Dk, k is the number of pose measurements throughout the data set and D = 92, we consider all measurements together, creating a linear system of equations
that is solved using maximum likelihood expectation maximization (ML-EM) [13] . Monolithic detector systems and systems where measurements of all detectors are summed have angular response functions, η, that vary slowly with angle. For such systems, the magnitude of s(m, i ) is dominated by r −2 . Image reconstruction using such systems is referred to herein as proximity imaging. In Section IV-A, point-source localization using the full angular response of the ARES detector system is presented alongside proximity imaging results, obtained by treating the ARES detector system as a monolith and summing the event rates and angular responses of all detectors in the array.
Similarly, radiological measurements of distributed sources have historically used planar detector geometries treated as monoliths. Detector data, along with geospatial position provided by GPS and height provided by radar altimeter, are processed under the assumption of flat planar topography and uniform activity distributions to attribute an activity to the location directly beneath the detector system. A detailed description of such methods may be found in [14] . In Section IV-B, flight data over Pacifica, CA, were analyzed, using this nonimaged approach, following the methodology described for "Distributed Sources with Source Uniformly Distributed in the Soil" in [14, Appendix A], and compared with the ML-EM approach described above. When performing the nonimaged analysis, radar altimeter data were used to estimate the altitude term and the 1460-keV event rate was taken as a 1-s running average of the 92-detector array. Fig. 6 shows the ARES ML-EM reconstruction. The maxima of the reconstruction localize the point source to within several meters of the true source location. The bottom of Fig. 6 shows a proximity imaging reconstruction for comparison. The proximity imaging reconstruction correctly identifies the source position along the dimension of the flightline, but the weak angular response of a monolithic system results in an inaccurate reconstruction along the roll dimension and a broader activity distribution in both roll and flightline dimensions. The proximity imaging result appears biased toward the near edge of the building.
A. Point-Source Localization Results
This analysis was performed in postprocessing and serves as an initial demonstration of the point-source localization capability of ARES using the energy-dependent angular response described in Section III. The method used to reconstruct the topographic map and system pose [12] runs significantly slower than real time; however, real-time 3-D simultaneous localization and mapping using LIDAR is a field of active study [15] , and the construction and iterative solution of the ML-EM problem was approximately 10× slower than real time. The analysis code used to perform this analysis was not optimized for online analysis.
B. Distributed Source Mapping Results
Another demonstration of the ARES system was performed using data collected over Pacifica, CA. Previous measurements with monolithic detectors in this region had demonstrated 137 Cs source is indicated with a red x. Middle: reconstructed activity distribution for the 50th ML-EM iteration using ARES detector response. Bottom: reconstructed activity distribution for the 50th proximity imaging ML-EM iteration.
strong correlations between geologic regions and γ -ray count rates, as well as the need to include topography to more accurately reconstruct surface emission rates. Fig. 7 illustrates the topography of Pacifica, overlaid with a U.S. Geologic Survey (USGS) geologic map [16] in the first pane, and a comparison of several approaches for reconstruction of the surface emission rate of 1460-keV γ rays, e.g., a(i ) in (4), in the second, third, and fourth panes.
The helicopter flight path, projected onto the topography, is shown by black curves in the first pane of Fig. 7 . The area shown in the image is approximately 3 km × 1.25 km. During data acquisition, the helicopter maintained a mean speed of 37 m/s and a mean altitude of 50 m above the ground level while flying a raster pattern of north-south lines with a spacing of 100 m.
In this data set, the low event rate of 1460-keV γ rays, distributed nature of the 40 K parent, and the large area covered by the flight path result in a system of equations that is substantially underdetermined. As a result, the ML-EM images 3 × 1.25 km 2 portion of an ARES flight over Pacifica, CA. The first pane shows the topography of a portion of Pacifica shown in Google Earth (map data: Google, TerraMetrics) [18] , overlaid with the USGS geological map of the region [16] and the helicopter flight path indicated by black curves. The second pane shows the eighth iteration of ML-EM reconstruction of 1460-keV γ -ray emission rate. The third pane shows the eighth iteration of ML-EM reconstruction where a spatial convolution filter was applied after each iteration, and the fourth pane shows the nonimaging result described in the text. The regions of low 1460-keV emission rates are generally well correlated with the volcanic geologic class (purple patterns) and water. The results shown in the lower three panes are all overlaid on the Pacifica topography in Google Earth [18] and use the same color scale.
are noisy, with noise clearly visible at the image edges and the small pixels corresponding to houses. This is illustrated in the second and third panes of Fig. 7 , which show the eighth iteration of ML-EM reconstruction. The reconstructions of the 1460-keV emission rate show lower activity areas being generally well correlated with the volcanic geological classes. As a first attempt to constrain the inversion, a convolutional spatial filter was applied following each iteration. The filter dimension was circular with an approximate radius of 10 m corresponding to the expected angular resolution of the detector geometry (10°) for a pixel viewed at 45°. The eighth iteration of this approach is shown in the third pane of Fig. 7 . Filtering was successful in producing a converging solution; however, this comes at the sacrifice of spatial resolution. Regularization approaches such as total variation [17] could also be used to better constrain reconstructions of these types while maintaining spatial resolution. The fourth pane of Fig. 7 shows the results obtained using the nonimaged approach from [14] described in Section IV. The assumption of uniformly emitting planar geometry underlying this procedure results in limited spatial resolution.
This analysis was also performed in postprocessing, as a demonstration of the distributed-source mapping capability of the ARES. Using a precomputed topographic map, the construction and iterative ML-EM solution of this problem can be performed on the order of 10 min, significantly faster than the 45-min flight time; however, the analysis code is not currently suited for online processing.
V. CONCLUSION One of the goals of the ARES ATD was to explore how an advanced detector geometry, terrain databases, and contextual information can improve the source localization ability of aerial measurement systems. A week-long measurement campaign using five radioisotope sources was used to systematically characterize the energy-dependent angular response of the 92-detector ARES detector array. These response functions, along with data from two ARES flights and contextual data, were then used to demonstrate the imaging ability of the ARES system for both point and distributed sources and to explore the value of detector geometry for point-source localization and topographic information for distributed source mapping. While being preliminary, this analysis demonstrates the ability of well-characterized detector arrays, in conjunction with contextual data including detector position, pose, and spatial environment, to perform γ -ray imaging.
The imaging approach used in this analysis considers the energy-dependent angular response of the detector system, 3-D position and orientation of the detector array and the image pixels, and air attenuation and standoff effects. ML-EM was used to successfully perform image reconstruction. We demonstrate improved accuracy and precision in point source localization from the active mask detector geometry by comparing with a proximity imaging approach. Mapping of distributed naturally occurring 40 K was performed using a topographic database and correlations shown with local geology. As a first attempt to deal with image noise resultant from the underdetermined nature of the distributed source mapping problem, a spatial convolution filter was used to better constrain the ML-EM reconstruction. A traditional analysis for mapping distributed sources was also performed for comparison. The ability to image NORM activities across ARES test flights will enable the testing and characterization of the ARES detection algorithms to be achieved within the context of the different radiological conditions, which vary due to topography, geology, and construction materials.
